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Highlights 
 
• Inclination only makes a small difference to thermal performance of ACHE 
• Increasing plenum depth only is slightly more effective - 1% benefit over baseline 
• The flow tends to move to one side as the heat exchanger is inclined 
• This side is a good location for a performance limiting heat exchanger 
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Abstract 
The purpose of this study is to determine the influence of inclining the heat exchanger relative to the fan 
in a forced draught air cooled heat exchanger. Since inclination increases plenum depth, the effect of 
inclination is also compared with increasing plenum depth without inclination. The experimental study 
shows that inclination improves thermal performance by only 0.5%, when compared with a baseline 
noninclined case with a shallow plenum. Similarly, increasing plenum depth without inclination has a 
thermal performance benefit of approximately 1%. The numerical study shows that, as the heat exchanger 
is inclined, the low velocity core at the centre of the heat exchanger moves to one side.  
 
Keywords 
Inclination, Forced-draught air-cooled heat exchanger 
 
1. Introduction 
An air cooled heat exchanger (ACHE) is a device used to transfer heat energy from a hot fluid to ambient 
air. It typically consists of an axial fan and heat exchanger, separated by an enclosed region known as a 
plenum chamber. This paper is concerned with forced draught ACHEs where, as the name suggests, the 
fan forces air through the heat exchanger. 
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In some industrial forced draught ACHEs, such as those in the generating set industry, the flow must turn 
through 90° after exiting the heat exchanger. This is illustrated in Figure 1, and is the motivation for 
investigation of inclination of the heat exchanger. 
 
 
 
 
 
 engine alternator 
fan 
heat exchanger 
plenum 
 
Figure 1 Cooling system in an enclosed generating set 
 
In cooling systems such as in Figure 1, due to packaging constraints, the plenum depths are typically 
shallower than the critical minimum as found by Meyer and Kröger [1]. Furthermore, the axial fan often 
operates in the mixed flow region of the fan characteristic, due to the restrictive nature of the system, as 
shown in Figure 2. These two factors lead to a reduction in the thermal performance of the system. 
 
Pressure
Flow rate
Fan
Heat exchanger only
Enclosed genset cooling system
mixed flow stall
axial flow
 
Figure 2 Operating point on fan characteristic 
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In this paper, the influence of inclination of the heat exchanger relative to the fan is investigated. 
Inclination affects the thermal performance in that it affects the flow rate through the heat exchanger, for a 
given fan speed and atmospheric conditions. It also affects the distribution of flow through the heat 
exchanger, which impacts thermal performance. 
 
Various studies have shown that maldistribution of flow in ACHEs has a small impact on performance. . 
Meyer and Kröger [1] found that flow maldistribution affected thermal performance by a few percent, at 
plenum depths of about 0.3 fan diameters. Berryman and Russell [2] also noted that maldistribution of 
airflow led to a loss in thermal performance of a few percent. They used velocity data with variation in it 
that they considered to be as great as could be expected in practice, even for very shallow plenums. Beiler 
and Kröger [3] had similar findings, with a plenum 0.45 fan diameters deep.  
 
Most studies of maldistribution of flow are focussed on profiles from ACHEs where the fan operates in 
the axial flow part of the fan characteristic. Other studies using artificially generated velocity profiles have 
found larger thermal performance reductions, some by more than 10%. For example, Rabas [4] 
investigated the impact of one and two dimensional inlet flow distributions on the performance of an air 
cooled condenser. The largest reduction in thermal performance was less than 7%. Fagan [5] analytically 
investigated the effects of linear and step air flow maldistributions on the thermal performance of air to 
refrigerant single and multi row heat exchangers. A step distribution with a velocity deviation of 75% of 
the average face velocity gave the highest thermal performance reduction of about 15%. T'Joen et al. [6] 
experimentally studied the impact of non uniform flow on the performance of a fin and tube heat 
exchanger. They investigated different inlet velocity profiles and found that the largest reduction in 
thermal performance was 8% for a linear profile. 
 
Some research work has been carried out on flow through vehicle heat exchangers. For example, Hallqvist 
[7] simulated the flow through a truck using CFD. The fan was simulated using a multiple reference frame 
technique. He found that non-uniform flow reduced the performance of the cooling system by 4.4% when 
compared with a uniform flow distribution. 
 
The flow rate through the system will change with inclination due to a number of factors. Firstly, the 
performance of the fan will change due to its interaction with the heat exchanger. This is known as the 
system or installation effect [8]. Secondly, it has been noted that pressure is recovered in the plenum, as 
some of the kinetic energy of the air exiting the fan is converted to pressure. This pressure recovery is a 
function of the plenum chamber depth [1], which will change when the heat exchanger is inclined. More 
pressure recovery leads to a greater flow rate.  
 
Other factors will affect the flow rate through the system. One such factor is the distribution of flow 
through the heat exchanger.  This will change with inclination, affecting the pressure drop across the heat 
exchanger, and hence the flow rate through the system. Hallqvist [7] noted that uniformity of the flow 
affects the pressure loss across a heat exchanger, due to the fact that pressure loss varies non-linearly with 
velocity. He also found that pressure losses increase with increasing non-uniformity. The final effect on 
flow rate is the influence of inlet losses as the flow enters the heat exchanger. The angle of incidence of 
the flow entering the heat exchanger will change with inclination. Flow approaching at an angle gives a 
region of separated flow at the entrance of the airside passages of the heat exchanger. Studies have been 
conducted with heat exchangers inclined in a duct with uniform inlet flow. They have shown that losses 
increase significantly at inclination angles of 60° or more. Nichols [9] investigated inclining an intercooler 
at various angles to its inlet duct. The losses increased only slightly with inclination up to 70°. Above 70° 
they increased rapidly. The distribution of flow was also observed to be fairly uniform up to this angle. 
Kanematsu and Murakami [10] investigated inclining different heat exchangers in a wind tunnel. 
Inclination angles of 0°, 45°, 60° and 80°were tested. The pressure drop increased significantly between 
60° and 80° inclination. Meyer and Kröger [11] also found that losses due to inclination became 
significant at an inclination angle of approximately 70°. Elgowalny [12] numerically investigated 
nonuniform flow through tube fin heat exchangers in air conditioning and heat pump systems. The main 
finding was that the effect of flow maldistribution was more pronounced on the mass averaged pressure 
drop across the heat exchanger than on the area averaged heat transfer coefficient. The pressure drop for 
nonuniform flow was approximately 9% more than for uniform flow, but the heat transfer coefficient was 
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only about 1% less for nonuniform flow than for uniform flow. More recently, Song et al. [13] studied the 
effects of nonuniform flow on the performance of a multi circuit evaporator. They found that the 
nonuniform flow reduced the capacity by approximately 8%. They also noted from their literature review 
that air flow maldistribution has more notable effects on multi circuit evaporators and condensers than on 
single circuit ones. 
 
In summary, the literature on inclining heat exchangers is predominantly focussed on heat exchangers 
inclined in a duct, with uniform inlet flow. The main findings are that pressure losses increase with 
inclination, with significant increases occurring at inclination angles greater than 60°. Heat transfer 
coefficients in most cases are not significantly affected by inclination. For example, Kim et al. [14] 
experimentally investigated inclining louvered fin heat exchangers in a duct. They investigated inclination 
angles up to 60° and found heat transfer coefficient did not decline significantly with inclination. Kim et 
al. [15] also had similar findings. To the author's knowledge, there are no studies available in the literature 
on inclining a single heat exchanger relative to an axial fan. 
 
Some of the preceding discussion is only relevant to inclination of forced draught systems, as opposed to 
induced draught systems. Induced draught systems generally do not have flow approaching the heat 
exchanger inlet face at significant angles of incidence. They also do not have pressure recovery in their 
plenums. The performance of induced draught systems is likely to be much less sensitive to inclination of 
the heat exchanger, due to a number of different factors. The main reason is the absence of plenum 
pressure recovery. With forced draught systems this occurs and it has been shown that this is very 
sensitive to plenum depth, which of course can change with inclination. Another reason is that induced 
draught systems generally have more uniform flow through the heat exchanger [3], which is unlikely to be 
improved significantly by inclination. 
 
In this paper, an isothermal experimental study was conducted to investigate the effects of inclination on 
performance. The study included increasing the depth of the plenum without inclination. It was conducted 
across the fan characteristic, including mixed flow operating points. The experimental study was 
complemented by a numerical study using CFD to gain an understanding of the flow patterns in the 
plenum and how they change with inclination angle. 
2. Experimental study 
An isothermal experimental study was conducted in order to determine the effects of inclination on ACHE 
performance.  
 
2.1. Experimental equipment 
A fan test rig was manufactured according to ISO 5801:2008 [16]. This is shown schematically in Figure 
3. The means of inclination is also illustrated in Figure 3. The heat exchanger was inclined about its top 
edge, and the cross sectional area of the heat exchanger for all tests was constant. 
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main 
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Figure 3 Fan test facility 
 
The mass flow rate through the test rig was measured using an orifice plate in an installation according to 
ISO 15377 [17]. An auxiliary fan was used to control the flow rate through the system and to boost the 
performance of the main fan. A screen after the auxiliary fan was used to provide uniform flow into the 
main fan. An outlet duct was constructed after the heat exchanger, to make numerical modelling of the 
system simpler. The main fan used was an axial fan with a sickle type blade profile. The fan casing 
diameter dfc was 420 mm. The heat exchanger investigated was a louvered fin type with a single row of 
flat tubes. The heat exchanger measured 470 mm by 470 mm in the plane perpendicular to the air flow. 
 
A data acquisition system was used to collect and process the data from the test rig. This included a 
program which calculated the flow rate through the system based on the pressure drop across the orifice 
plate. 
2.2. Experimental measurements and procedure 
In the experiments, the flow rate through the system was fixed and the pressure difference between the fan 
inlet and heat exchanger outlet was measured. The fan static pressure rise and the heat exchanger static 
pressure drop were not measured directly on the complete system. This is because the static pressure in 
the plenum varies significantly in space, making an average of the pressure downstream of the fan very 
difficult to measure directly [18]. Instead, both characteristics were obtained as discussed in the following 
paragraphs. 
 
The fan characteristic was measured by removing the exit assembly consisting of the shroud, heat 
exchanger and exit duct, changing the flow rate and measuring the pressure rise across the fan. 
Measurements of the ACHE were taken at five different flow rates on the fan characteristic, in order to 
determine the effects of inclination at different operating points. 
  
The heat exchanger characteristic used was based on supplier measurements. The data was checked by 
removing the main fan and using the auxiliary fan to drive the flow through the heat exchanger. A plenum 
0.8 fan diameters deep was used and the pressure loss across the heat exchanger was measured for 
different flow rates. The two sets of measurements showed good agreement and gave confidence in the 
supplier data. 
 
Pressures on the test rig were measured using pressure transducers, calibrated against a Betz manometer. 
The fan shaft speed was measured using a laser optical speed sensor, and the torque with an in line rotary 
torque transducer. Room pressure was measured with a precision barometer. Temperature measurements 
were taken at the orifice inlet and main fan inlet using PT 100 sensors. Humidity was also measured at the 
fan inlet. The velocity of the air through the heat exchanger was measured at the exit face on a grid of 16 
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evenly spaced locations using a vane anemometer. All instruments were calibrated against traceable 
standards. 
 
The procedure for a given flow rate was to take readings every second for ten seconds, and to repeat this 
to give two sets of readings that could be averaged. Anemometer readings were also taken twice and 
averaged. 
2.3. Processing and presentation of experimental results 
As previously mentioned, the flow rate was fixed and the pressure across the fan and heat exchanger was 
measured. This pressure will be abbreviated as ∆psys. The main components of ∆psys are 
∆psys  = ∆pfan + ∆ppl  - ∆phe (1) 
where ∆pfan is the pressure rise across the fan, ∆ppl is the pressure rise across the plenum and ∆phe is the 
pressure drop across the heat exchanger. 
∆phe is composed of the pressure drop due to uniform flow ∆pheu plus an additional drop due to the 
nonuniformity of the flow through the heat exchanger ∆phenu.  
Rearranging equation (1) by combining ∆psys and ∆pheu gives 
∆psys + ∆pheu = ∆pfan + ∆ppl  - ∆phenu (2)
  
Plotting ∆pfan + ∆ppl - ∆phenu gives a means of directly comparing the performance of different inclinations 
or plenum depths, accounting for all the factors that are changing. 
 
The results required some processing before they could be presented in the form of equation (2). The goal 
was to present all data at standard conditions, as defined in [14]: 
ρst = 1.2 kg/m3 
Tst = 293.15 K 
The data at test conditions needed to be corrected to standard conditions. For the fan, this meant density 
correction of the pressure rise across it, using the following relationship 
ρt/∆pt = ρst/∆pst (3) 
derived from the Euler equation for turbomachinery. 
 
The pressure rise across the fan will not be completely Reynolds number independent, since the Reynolds 
number of the fan Red ≈ 0.9 x 106 which is below the threshold Reynolds number of 2.5 x 106 as noted by 
Cory [19]. The relationship between fan pressure rise and Reynolds number is unknown, so it is not 
possible to correct for it, although the impact of deviation from standard conditions in the tests is small. 
For the heat exchanger, the relationship between Fanning friction factor f and Reynolds number is given 
by 
39.0Re−∝ Lpf  (4)
 
for 1000 < ReDh < 4000. ReDh for this study was at the high end of this range. Equation (4) [20] is for a 
heat exchanger of a similar type to that used in this study.
 Since head loss is directly proportional to Fanning friction factor 
39.0Re−∝∆⇒
∝∆⇒
=∆
ρ
ρ
ρ
p
gfp
ghp
      
The result is 
6.0ρ∝∆p (5)
 
Also 
4.0µ∝∆p (6)
 
The heat exchanger pressure loss is corrected using equations (5) and (6). 
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The procedure for correcting the data is to first calculate the plenum recovery at test conditions using 
equation (2), with all parts of equation (2) being at test conditions. The plenum recovery is assumed to be 
constant, no matter what the air properties. This plenum recovery is then used again in equation (2) with 
all parts being at standard air conditions, to work out ∆pfan + ∆ppl -  ∆phenu.  
 
The pressure drop across the heat exchanger is calculated based on the anemometer measurements taken 
at the heat exchanger exit. Jetting occurs at the heat exchanger exit, which means that the anemometer 
reads velocities larger than the true velocity, so the readings need to be scaled to match the mass flow rate 
as measured with the orifice plate. The corrected readings are then used with the heat exchanger supplier 
data to determine the pressure drop for each section, which is then averaged for the whole heat exchanger. 
This gives the total pressure loss across the heat exchanger. Subtracting the loss based on the average 
velocity gives ∆phenu. 
2.4. Experimental results 
The repeatability of the results was checked by conducting three experiments on three separate days at 30° 
inclination. For each repeat, the exit assembly was disassembled and reassembled. The results are shown 
in Figure 4.  
 
0
20
40
60
80
100
120
140
160
0.6 0.8 1 1.2 1.4 1.6
∆pFs
+ 
∆ppl
-
∆phenu
(Pa)
Flow rate (m3/s)
Test 1
Test 2
Test 3
 
Figure 4 Repeatability of results at 30° inclination 
 
The error in the pressure measurements related to Figure 4 (and all other figures containing experimental 
pressure measurements) is ± 1.5 Pa, which is small. This includes 1 Pa to account for the resolution of the 
Betz manometer used for calibration and 0.5 Pa for the accuracy of the pressure transducer. The error in 
the mass flow rate is also small. It is approximately 1%, resulting from uncertainty in the discharge 
coefficient of the orifice plate.  
 
The results for inclination of the heat exchanger and for various plenum depths without inclination are 
shown in Figure 5. In Figure 5 b) the plenum depths xpl were non dimensionalised by dividing by the fan 
casing diameter dfc. The plenum depth for both inclined and non inclined cases is defined as the distance 
from the centre of the exit plane of the fan to the centre of the inlet plane of the heat exchanger. The exit 
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plane of the fan is the plane that just touches the furthest downstream point of the trailing edges of the fan 
blades. 
 
 
 
a) 
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b)
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Figure 5 Effect of a) inclination of heat exchanger and b) plenum depth without inclination. 
A higher pressure value in Figure 5 represents improved performance, as it represents an improvement in 
pressure rise across the system for a given flow rate. Figure 5 shows that the effect of inclination is 
negligible in the mixed flow region of the fan characteristic, for both inclined and non inclined cases. It 
also shows that the optimum inclination angle is somewhere around 20° to 40° inclination.  
 
Figure 6 shows the results at 1.4 m3/s for both the inclined and non inclined cases. (A flow rate of 1.4 m3/s 
corresponds to a mean air velocity of 6.3 m/s through the heat exchanger). To facilitate comparison, both 
sets of results are presented in terms of non dimensionalised plenum depth. The Figure shows that 30° is 
the optimum inclination angle. It is also apparent that increasing the depth without inclination improves 
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performance more than through inclination alone. It also shows that the optimum plenum depth is 0.65 fan 
diameters or greater - the critical minimum plenum depth. The heat exchanger used has a low pressure 
loss factor, so this critical minimum depth agrees with the findings of [1] that critical minimum depth 
increases with decreasing heat exchanger restriction. 
 
94
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xpl / dfc
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Figure 6 Effects of inclination and depth at 1.4 m3/s 
 
The thermal performance of a number of cases of interest was calculated, using supplier data for the heat 
exchanger thermal performance and the heat exchanger velocity measurements. Further details on how to 
calculate the thermal performance of heat exchangers are given in Khaled et al [21]. The thermal 
performance was determined for each velocity measurement square of the heat exchanger and the results 
summed over the entire face. The case with no inclination and a plenum depth of 0.21 fan diameters was 
used as a baseline. The results are shown in Table 1. The results show that the effects of inclination and 
increased plenum depth on thermal performance are small. 
 
Table 1 Thermal performance improvement due to inclination and increased plenum depth 
Inclination angle (°) x pl  / d fc Flow rate (m3/s) % change in flow Q  (W) % change in Q
0 0.21 1.359 n/a 33838 n/a
30 0.50 1.382 1.69 34013 0.52
0 0.65 1.397 2.80 34215 1.12
 
 
A final experimental consideration is the significance of inlet losses on the air side of the heat exchanger 
passages. Since the optimum configuration lay in the range 20 – 40° of inclination, it was anticipated that 
the inlet losses for this configuration would be very small. In order to achieve a significant level of inlet 
loss and to compare with other published studies [9-11], the inlet loss for an inclination of 60° was 
measured against the baseline non-inclined case. To isolate the effects of inclination only, and remove the 
impact of swirling flow, the main fan was removed and the pressure drop across the heat exchanger was 
measured for the 60° inclination and for the non-inclined heat exchanger in a plenum of equivalent depth. 
The results were that the additional inlet losses due to 60° inclination compared to 0° were approximately 
equal to the dynamic pressure of the air, for uniform non swirling flow entering the heat exchanger. 
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3. Numerical study 
A CFD study was conducted using ANSYS CFX to investigate how the flow changes in the plenum with 
inclination. The model is shown in Figure 7. All simulations were conducted at 1.4 m3/s. 
 
 
pipe 
single fan 
passage 
heat 
exchanger 
axis of symmetry 
inlet 
outlet 
bell 
 mouth 
 
Figure 7 CFD model 
 
A pipe was included with the same diameter as the fan hub, directly in front of the hub, as on the test rig. 
This was to provide a wall for flow to attach to as it entered the fan. More information on modelling axial 
flow fans can be found in Liu et al [22]. In this work the fan was modelled using a mixing plane multiple 
reference frame model. This means that the flow was circumferentially averaged at the inlet and outlet of 
the fan domain. Only one fan passage was modelled, and one quarter of the upstream domain, as the flow 
was axisymmetric up to the fan exit. Gullberg et al [23] found the multiple reference frame model to be 
very accurate for axial fan simulations, provided that the fan domain boundaries are located far enough 
away from the blades. 
 
The heat exchanger was modelled as a porous medium, with the flow constrained to move in a direction 
perpendicular to the inlet face. The flow through the airside passages was not modelled in detail, so inlet 
losses were not included in the CFD model. 
 
In the simulations the Reynolds averaged Navier Stokes equations were solved. The flow was modelled as 
being steady, viscous, compressible and isothermal. The turbulence model used was k ω SST. The 
advection scheme used was formally second order accurate in space. 
 
The fan was meshed with a structured mesh using ANSYS Turbogrid. Each passage had approximately 
one million cells. A structured grid was also used for the outer domain, with approximately two million 
cells. 
 
Sensitivity studies were conducted for the simulations using the 40° inclination configuration only, to 
ensure that the results of interest were independent of residual target, outer domain size, turbulence 
intensity, fan blade cell y+ and independent of the number of cells in the fan and outer domains. The 
predicted quantities used to evaluate the quality of the simulations were the mass flow rate through the 
domain, ∆psys, the heat exchanger pressure loss, the fan static pressure rise, the pressure distribution along 
the plenum walls and two velocity profiles across the exit of the heat exchanger. A selection of results 
from the sensitivity study are presented in Tables 2 and 3. Table 2 shows the sensitivity of some of these 
quantities to variations in the target RMS value of residuals from the mass and momentum equations. The 
results demonstrate that the predictions were quite insensitive to the range of residual values assessed and 
a target RMS residual value of 5E10-5 was chosen for the remainder of the study. 
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Table 2 Sensitivity to RMS residual target 
 
Target 
RMS 
residual 
ΔpFs (Pa) ∆phe (Pa) ∆psys (Pa) 
1.E-04 111.16 115.32 3.05 
5.E-05 110.95 115.33 3.59 
5.E-06 110.43 115.29 3.92 
 
Table 3 Sensitivity to grid density 
 
inlet domain 
cell count 
outlet domain 
cell count 
plenum domain 
cell count ΔpFs (Pa) ∆phe (Pa) ∆psys (Pa) 
80,000 43,000 766,000 110.71 115.23 4.5408 
163,000 87,000 1,586,000 110.75 115.29 4.5224 
379,000 198,000 3,560,000 109.77 115.31 5.5818 
 
Table 3 shows the impact of grid density on the same three quantities. The impact of varying grid density 
on fan pressure rise and heat exchanger pressure drop is shown to be very small. Therefore the 
configuration with 1.6M cells in the plenum was chosen as a satisfactory balance between grid resolution 
and computational efficiency. 
3.1. Model validation 
The CFD model was validated by taking pressure measurements along the side walls of the plenum in the 
experiments. A total of 18 tappings were located along the side and base walls of the plenum, on lines 
midway along the walls. For example, the comparison for one side wall of the plenum is shown in Figure 
8, for 40° inclination. There is some discrepancy between the CFD and the experiment, especially towards 
the corners of the plenum. There were insufficient experimental measurement points to be able to evaluate 
the CFD results close to the corners. The discrepancy could be due to the two equation turbulence model 
used. A Reynolds Stress model was investigated but convergence problems were encountered. More 
complex turbulence models such as Large Eddy Simulation were considered to be too computationally 
expensive to be used in the study. 
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Figure 8 Validation of CFD - pressure midway along plenum side wall for 40° inclination 
Further validation was achieved by comparing the pressure loss across the system with the experiment, for 
different inclination angles. This is shown in Figure 9. There is a pressure loss because at 1.4 m3/s, the 
auxiliary fan is boosting the performance of the main fan to achieve that flow rate. 
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Figure 9 Validation of CFD - system pressure loss at 1.4 m3/s 
 
In Figure 9 the results compare well between the experiment and the CFD. The CFD model did not 
account for inlet losses due to incidence at entry to the heat exchanger fins, therefore, as the shape of the 
two lines is similar, this suggests that inlet losses do not change significantly with angle. This can be 
explained by the fact that the flow entering the heat exchanger is swirling, no matter what the inclination 
angle.  
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The velocity distribution measured at the heat exchanger exit was also compared with the CFD. This is 
shown in Figure 10. The patterns are similar, although the range of velocities is higher for the CFD. 
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b)  
Figure 10 Heat exchanger exit velocity distribution at 30° inclination for a) experiment and b) CFD 
3.2. CFD results 
Figure 11 is a plot of the area averaged pressure rise across the plenum from the fan outlet to the heat 
exchanger inlet. Also plotted is the fan static pressure rise, which is the area averaged static pressure at fan 
outlet minus the mass flow averaged total pressure at the outer domain inlet. 
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Figure 11 Simulated pressure rise across fan and plenum 
 
In this study, as the heat exchanger inclination angle increases, the plenum depth also increases. From 
Figure 11 it can be concluded that the closer the heat exchanger is to the fan, the higher the static pressure 
rise across the fan. It also shows that pressure recovery in the plenum increases with plenum depth up to 
approximately 30° to 40° inclination, where it starts to reduce.  
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a)  
b)  
c)  
Figure 12 Simulated heat exchanger exit velocity plots at 1.4 m3/s for a) 0° inclination, b) 30° inclination 
and c) 50° inclination 
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Figure 13 Measured heat exchanger exit velocity plots at 0.62 m3/s for a) 0° inclination, b) 30° inclination 
and c) 50° inclination 
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The final issue to discuss is how the flow through the heat exchanger changes with inclination. Simulated 
velocity contours at the heat exchanger exit are shown for an axial fan operating point at different 
inclination angles in Figure 12. The results show that the low velocity core at the centre of the heat 
exchanger moves to one side as the heat exchanger is inclined. This occurs because of the swirl of the 
flow exiting the fan and its interaction with the corners of the square duct and the inclined heat exchanger 
downstream.  
 
In Figure 13, measured velocity contours were plotted for a mixed flow fan operating point over a range 
of inclination angles. The effect is similar to that shown for the axial flow operating point in Figure 12. 
 
Figure 14 is a plot of streamlines in the plenum of the ACHE at 30° inclination, viewed from the exit of 
the downstream duct. On the right hand side, the flow bypasses the heat exchanger inlet, due to the swirl 
of the flow exiting the fan. On the left hand side, the swirl of the flow means that the flow is more aligned 
with the airside passages. Therefore on that side most flow passes directly through the heat exchanger 
rather than over its face.  
 
Most turbocharged engine cooling systems have a charge air cooler as well as a jacket water cooler. These 
are often located side by side. If one of the two coolers has a significantly worse performance than the 
other, then it may be beneficial with inclined heat exchangers to locate that cooler on the side where the 
flow is more likely to pass directly through rather than bypass the inlet face. This may enable the cooling 
system to operate in an environment with a higher ambient temperature. 
 
 
Figure 14 Plenum streamlines at 30 degrees inclination, viewed from the exit of the downstream duct 
 
5. Conclusions  
The main conclusion of the study is that inclination leads to a small increase in the thermal performance 
of the ACHE of approximately 0.5% for the optimum inclination angle of 30°, when compared with the 
baseline case of a shallow plenum. Increasing the depth of the plenum is slightly more effective, giving a 
performance increase of 1% for a plenum 0.65 fan diameters deep. 
 
Of more significance is what happens to the flow through the heat exchanger as it is inclined. The 
tendency is for the low velocity core to move to one side as the inclination angle is increased. This could 
lead to improvements in the performance of the cooling system if the ACHE consisted of multiple side by 
side heat exchangers. In that case the designer could locate the performance limiting component on the 
side opposite that of the low velocity core. 
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Nomenclature 
 
Latin symbols 
 
d: diameter (m) 
f: Fanning friction factor  
g: acceleration due to gravity (ms-2)  
p: pressure (Pa) 
Q: heat transfer rate (W) 
Re: Reynolds number 
T: temperature (K) 
x: depth (m) 
y+: dimensionless wall distance 
 
 
Greek symbols 
 
∆: differential  
θ: inclination angle (°) 
ρ: density (kgm-3) 
 
Subscripts 
 
d: diameter  
Dh: hydraulic diameter 
fc: fan casing 
Fs: fan static  
he: heat exchanger 
henu: heat exchanger non-uniform 
heu: heat exchanger uniform  
Lp: louver pitch  
pl: plenum 
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st: standard 
sys: system 
t: test  
  
Abbreviations 
 
ACHE: air-cooled heat exchanger 
CFD: computational fluid dynamics 
RMS: root mean square 
SST: shear stress transport 
